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(54) An electrical power arrangement

(57) Utilisation of a number of electrical machines
such as generators all driven by a common prime mover,
such as a gas turbine engine, are known. However, faults
in one phase of one particular electrical machine may
cause torque vibration and therefore stressing to me-

chanical linkages between the electrical machine and the
prime mover. By determining torque vibration and then
utilising a second electrical machine to introduce an anti-
phase torque vibration a substantially balanced and
steady torque loading to the mechanical linkages can be
achieved.



EP 2 154 780 A1

2

5

10

15

20

25

30

35

40

45

50

55

Description

�[0001] The present invention relates to an electrical
power arrangements and more particularly to an electri-
cal power arrangement comprising a number of electrical
machines associated with a prime mover, such as a gas
turbine engine in order to provide respective electrical
power supplies.
�[0002] Figure 1 provides a schematic illustration of a
gas turbine engine 100. The gas turbine engine 100 com-
promises three spools, e.g. a low pressure spool 102, an
intermediate pressure spool 104 and a high pressure
spool 106. The low pressure spool 102 comprises a fan
102A driven by a low pressure turbine 102B through a
shaft 102C. The intermediate pressure spool 104 com-
prises an intermediate pressure compressor 104A driven
by an intermediate pressure turbine 104B through a shaft
104C and the high pressure spool 106 comprises a high
pressure compressor 106A driven by a high pressure
turbine 106B through a shaft 106C. These three spools
102, 104 and 106 are arranged coaxially with the low
pressure spool 102 arranged within the intermediate
pressure spool 104 and the intermediate pressure spool
104 arranged within the high pressure spool 106. Thus
in operation air flows from an inlet 110 sequentially
through the fan 102A, the intermediate pressure com-
pressor 104A and the high pressure compressor 106A
to a combustor 108. Hot gases produced in the combus-
tor 108 by burning fuel in the air flow sequentially through
the high pressure turbine 106B, the intermediate pres-
sure turbine 104B and the low pressure turbine 102B to
an outlet 120. Alternatively the gas turbine engine may
comprise two spools, a low pressure spool and a high
pressure spool or a single spool.
�[0003] A mechanical transmission takes power from a
rotor associated with the intermediate pressure spool
104, the high pressure spool 106 or possibly the low pres-
sure spool 102 and transmits it to respective electrical
machines 2, 3 through gears 4 and shafts 5, 6 , 7 and 8
in order to generate electrical power for operation of parts
of the gas turbine engine 100 and other requirements of
an associated aircraft. The gears 4 and shafts 5, 6, 7 and
8 also takes power from the electrical machines 2, 3 and
transmits it to a rotor 9 associated with the intermediate
pressure spool 104, the high pressure 106 or the low
pressure spool 102 during starting of the gas turbine en-
gine 100 or for other purposes.
�[0004] It will be understood the rotor 9 may a shaft/
rotor related to one of the three spools 102, 104 or 106.
�[0005] It is known to provide electrical power arrange-
ments in which a number of electrical machines, typically
in the form of electrical power generators, are associated
with a prime mover, such as a gas turbine engine or in-
ternal combustion engine. In such circumstances a de-
gree of redundancy is provided with regard to the poten-
tial for one of the electrical machines to fail as well as the
ability to provide electrical power at different voltages.
With regard to an aircraft, traditionally gas turbine en-

gines are provided in order to produce high levels of
thrust, but not to generate significant quantities of elec-
trical power. It will be appreciated that extraction of large
quantities of electrical power from a gas turbine engine
through associated electrical machines may create tran-
sient and unstable variations upon the loading to the ma-
chine and therefore potential difficulties.
�[0006] Requirements for significant quantities of elec-
trical power in gas turbine engines utilised for aircraft
propulsion relate to increased use and numbers of elec-
trical loads upon the aircraft. Electrical loading is reflected
as a torque loading to the mechanical linkages from the
gas turbine engine. Each mechanical linkage is typically
a shaft and/or gear train. In such circumstances the var-
iations in loading from the electrical machines is trans-
ferred to the mechanical transmission system of the en-
gine and back to the rotating spools of that engine. It will
be appreciated in some circumstances the transmitted
torque can affect overall engine performance, speed and
fuel consumption.
�[0007] Generally, and previously, gas turbine engines
have been tolerant to the small amounts of torque created
by electrical loading and as such low levels of electrical
power extraction have created insignificant mechanical
stressing. Nevertheless, as indicated with higher levels
of torque variation created by large electrical loading
changes, it is necessary to consider the effects of such
variations. In such circumstances it would be desirable
to manage torque stressing and interaction between the
electrical systems and the mechanical systems of a gas
turbine engine. It will also be understood that with regard
to electrical loads in an aircraft there is a relatively higher
portion of non-�linear and pulse loads which are often con-
trolled by power electronic conversion. In such circum-
stances power drawn by the electrical system from the
mechanical system may be far from smooth and contin-
uous.
�[0008] Figure 2 provides a schematic illustration of a
typical prior electrical power arrangement 1 in which re-
spective electrical machines 2, 3 are associated through
gears 4 and shafts 5, 6, 7, 8 with a prime mover in the
form of a rotor 9. In such circumstances it will be appre-
ciated that the gears 4 and the shafts 5 to 8 provide a
significant and relatively vulnerable mechanical linkage
between the electrical machines 2, 3 and the rotor 9 as
a prime mover. Variations in the electrical load to and
from the electrical machines 2, 3 will be reflected in
stressing through the mechanical linkages defined by the
gears 4 and shafts 5 to 8. Such stressing may lead to
premature failure of the mechanical linkages and there-
fore failure overall. Nevertheless, it will be appreciated
that providing more than one electrical machine in the
form of generators will provide redundancy levels and
also allow transmitted torque split due to electrical load-
ing to be presented two ways so reducing torque stress
on individual components.
�[0009] Figure 3 provides a schematic illustration of the
power/ �torque transfer paths between a prime mover 19
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and two three phase generators 12, 13. The electromag-
netic torque created by each generator 12, 13 is directly
proportional to the sum of per phase electrical power.
The total torque which is exerted through the mechanical
linkages is the sum of the torque taken from each gen-
erator 12, 13. It will be understood in normal operation
there is a balanced three phase loading and therefore
the torque produced by each generator 12, 13 is steady.
However, during unbalanced conditions, and in a worse
case scenario a line to line or line to ground fault, such
torque imbalance creates oscillations at a second har-
monic with respect to the generation frequency. This
torque oscillation is transferred on to the mechanical link-
ages shown schematically as 15, 16 and therefore the
linkage 17 to the prime mover 19. In such circumstances
there is a potential for very high levels of stressing to the
mechanical linkages and therefore premature failure.
Torque oscillations may occur at a range of different fre-
quencies dependent upon electrical loading and there-
fore can be difficult to deal with.
�[0010] Figure 4 provides a graphic illustration for
torque profiles from two electrical machines as genera-
tors in terms of total torque exerted to a mechanical link-
age transmission system. Both electrical generators
have a balanced resistive load, whilst a first generator
has a line to line electrical fault. It will be noted that there
is oscillation in the torque and therefore stressing to the
mechanical linkages. The second electrical machine as
depicted by line 31 produces a steady torque whilst the
first electrical machine produces an oscillating torque de-
picted by the line 32. In such circumstances as can be
seen the total torque depicted by line 33 oscillates and
it is this oscillation which will causes stressing to the me-
chanical linkages of a power generator arrangement.
�[0011] In accordance with aspects of the present in-
vention there is provided an electrical power arrange-
ment comprising a plurality of electrical machines for
loads, each electrical machine is associated together
through mechanical linkages with a prime mover, the
electrical machines presenting a combined torque value
to the prime mover, each electrical machine having a
multi-�phased operation and the arrangement including
means to determine torque vibration upon a mechanical
linkage due to a fault of one phase of a first electrical
machine to an associated load and the arrangement hav-
ing a phase control for a second electrical machine to
vary one or more phases of the second electrical machine
to maintain a stable combined torque value through the
mechanical linkages.
�[0012] Alternatively, according to aspects of the
present invention, there is provided a method of operat-
ing an electrical power arrangement comprising a plural-
ity of electrical machines for loads, each electrical ma-
chine is associated through mechanical linkages with a
prime mover in order to present a combined torque value
to the prime mover, each electrical machine having a
multi-�phased operation, the method comprising deter-
mining torque vibration in the mechanical linkage due to

a fault of one phase of a first electrical machine to an
associated load and varying one or more phases of the
second electrical machine to maintain a stable combined
torque value through the mechanical linkages.
�[0013] Typically, the electrical machines have a three
phase operation. Generally, the electrical machines are
electrical generators.
�[0014] Possibly each electrical machine provides a dif-
ferent voltage.
�[0015] Possibly, a vibration sensor is provided for each
electrical machine. Possibly, a vibration sensor is ar-
ranged on the mechanical linkages to determine the com-
bined torque presented to the prime mover.
�[0016] Generally, the phase control comprises means
to generate an anti-�phase torque oscillation to cancel the
torque vibration upon the mechanical linkage due to the
fault of one phase of the electrical machine. Possibly, the
phase control comprises a capacitive load and/or an in-
ductive load arranged across the phases of the second
electrical machine.
�[0017] An embodiment of aspects of the present in-
vention will now be described by way of example only
with reference to the accompanying drawings in which:-

Figure 5 provides a schematic illustration of a phase
control or vibration control arrangement utilised in
accordance with aspects of the present invention;
Figure 6 is a schematic illustration of an electrical
power arrangement in accordance with aspects of
the present invention; and,
Figure 7 is a graphic illustration of combined torque
presented to a prime mover in accordance with as-
pects of the present invention.

�[0018] As indicated above oscillations in presented
torque to a prime mover such as a spool of a gas turbine
engine results in stressing and therefore premature fail-
ure of mechanical linkages. By aspects of the present
invention determination of vibrations in terms of oscilla-
tions in torque presented to a prime mover are first de-
termine and then through active vibration control through
a phase control for each electrical machine of a power
arrangement smoothing provided. By independently con-
trolling the reactive power for each electrical phase the
electromagnetic torque developed by a generator as an
electrical machine can be precisely controlled. For a giv-
en torque oscillation from a first electrical machine or
generator by aspects of the present invention a second
electrical machine can be controlled to produce an anti-
phase torque oscillation. In such circumstances the
torque oscillation through both electrical machines will
cancel each other out leaving a constant torque value
upon the mechanical leakages as the transmission sys-
tem to the prime mover. By maintaining a substantially
constant torque upon the mechanical linkages it will be
appreciated that there is less torque stressing to those
mechanical components.
�[0019] Figure 5 provides a component illustration of an
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electrical network capable of unbalancing the power flow
within an electrical machine. This electrical network will
be associated with the second electrical machine in order
to create unbalance and therefore an anti- �phase torque
oscillation for cancellation of the fault load for net torque
stability and balance. It will be understood that within an
electrical power arrangement in accordance with aspects
of the present invention generally a plurality of electrical
machines will be provided. Each electrical machine will
typically incorporate a vibration control arrangement in
terms of a phase control in accordance with aspects of
the present invention. The phase control can create an
anti- �phase torque oscillation in respect of a fault on an-
other first electrical machine supply.
�[0020] As will be understood by a person skilled in the
technology the levels of reactive power that are required
to create a suitable anti-�phase torque vibration can be
determined for each phase by calculating from a meas-
urement of the torque oscillation or measurements made
from the overall electrical machine operation, or a com-
bination of both. In such circumstances the necessary
reactive power in terms of the anti- �phase torque oscilla-
tion to cancel a fault torque oscillation can be determined
through an appropriate controller or iteratively until sub-
stantial balance occurs for torque stability.
�[0021] The reactive power in terms of an anti-�phase
torque oscillation may be provided to the power arrange-
ment through existing connections to an electrical net-
work of the electrical power arrangement. Alternatively,
dedicated reactive power compensation equipment and
installations may be provided to improve performance.
�[0022] As can be seen in Figure 5 each phase R, Y, B
is coupled to capacitive elements C1, C2 and inductive
element L values which can be switched appropriately
as required in order to create the necessary reactive pow-
er for an anti- �phase torque cancellation with a torque
oscillation created by a fault as will be described later
with regard to Figure 6. As indicated above the actual
values for the capacitive and inductive loads which com-
bine to provide the reactive load in the second or reactive
electrical machine according to aspects of the present
invention may be determined in a number of ways. Firstly,
the values for the reactive load created by the capacitive
load and inductive load may be fixed. In such circum-
stances if the vibration sensor arrangement determines
torque oscillation is due to a fault in a particular phase of
a first electrical machine then simply a set response on
a second electrical machine will be provided by the phase
control in accordance with aspects of the present inven-
tion. Alternatively, the torque oscillation in terms of vibra-
tion sensing may be specifically determined for utilisation
in an appropriate calculation to determine the reactive
values needed by the reactive capacitance C1, C2 and
inductive reactance L in the second electrical machine
in order to respond accurately to the current torque vi-
bration conditions. Such an approach will provide a rapid
dampening of torque oscillations on the mechanical link-
ages to the prime mover. A further alternative is to simply

determine torque oscillation is present and then by inter-
active step increments provide progressive changes in
the values for capacitance C1, C2 and inductance L for
adjustment of the electrical machine until damping and
substantially balanced combined torque is presented to
the prime mover along the mechanical linkages in ac-
cordance with aspects of the present invention. Each ap-
proach may have benefits in terms of operability and ac-
ceptability in terms of extra complexity to the electrical
power arrangement or rapidity of response.
�[0023] In terms of torque oscillation vibration determi-
nation, it will be understood that the sensors for such
torque vibration determination can be presented at a
number of locations within the mechanical linkages be-
tween the electrical machines and the prime mover. In
such circumstances the determination of the reactive re-
sponse can be chosen appropriately. Vibration sensing
may be provided for each mechanical linkage directly
from each electrical machine. In such circumstances a
choice of the second or reactive electrical machine uti-
lised to provide the anti-�phase torque oscillation re-
sponse can be determined by a controller depending up-
on the loadings of other electrical machines. The sensors
may be at an intermediate position within the mechanical
linkages whereby the oscillation vibration in the mechan-
ical linkages may be from a number of electrical machines
and in such circumstances an analytical test for each
electrical machine may then be conducted in order to
determine if there is a fault in one of the phases of that
machine which requires a response. The benefit of pro-
viding torque oscillation vibration sensing at an interme-
diate position is that only one such sensor may be re-
quired reducing complexity whilst depending upon each
electrical machine’s own diagnostics for determining
faults which may be causing that torque oscillation vibra-
tion. A negative aspect of providing an intermediate
torque vibration sensor or a torque vibration sensor near
to the prime mover would be that there would be greater
complexity in terms of determining the cause of such
torque oscillations as well as the greater likelihood that
such torque oscillations will have had a negative impact
upon parts of the mechanical linkages prior to the vibra-
tion sensor for a greater period of time resulting in me-
chanical stressing which could be avoided by sensing
more directly and closely with each electrical machine.
�[0024] Figure 6 provides a schematic illustration of an
electrical power arrangement 50 in accordance with as-
pects of the present invention. Thus, electrical generators
52, 53 have respectively three phases R, Y, B to which
respective loads 54, 55 are associated. The electrical
machines 52, 53 are associated with a prime mover 51
such as a gas turbine engine through mechanical link-
ages 56, 57 to a gearbox 58 or other device such that a
combined or consolidated torque, TTotal, is presented to
the prime mover 51. In normal operation the total torque,
TTotal, is relatively stable and smooth such that the me-
chanical linkages 56, 57, 58 are not subject to oscillating
vibrations which will cause stressing.
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�[0025] As illustrated in Figure 6 a line to line fault 60
occurs between phases R, Y across the load 54. The
fault 60 will cause torque oscillation through the gener-
ator 52 and the mechanical links 56 to the total torque,
TTotal, presented to the prime mover 51. This vibration in
torque will stress the mechanical linkages and, as indi-
cated above, may cause premature failure, or inefficient
operation.
�[0026] In accordance with aspects of the present in-
vention a vibration control device 61 is presented across
the phases R, Y, B of the second generator 53. The de-
vice 61 acts as a phase control to introduce through the
generator 53 an anti-�phase torque vibration through the
mechanical linkages 57 to the prime mover 51. In such
circumstances the respective torque vibration as a result
of the fault 60 is balanced and cancelled out by the in-
troduced anti- �phase torque vibration created by the
phase control device 61. By balancing the torque vibra-
tion across the mechanical linkages 56, 57, 59, less
stressing occurs.
�[0027] Generally, the phase control device 61 will be
configured in order to provide the necessary anti-�phase
torque vibration as required. In order to achieve this ap-
propriate response, it will be understood that the level of
torque vibration must be determined within the arrange-
ment 50. As indicated above, this sensing of torque vi-
bration can occur at a number of positions and the values
consolidated in order to provide, through appropriate cal-
culation, or a look-�up table, or iteratively, a response by
the device 61 in order to achieve balance and stabilisation
of the total torque, TTotal, in use.
�[0028] As mentioned previously the sensors to detect
torque vibration may be provided at a number of locations
within the mechanical linkages between the electrical
machines 52, 53 and the prime mover 51.
�[0029] Sensors 74, 76 may be provided on mechanical
linkages, eg shafts 56, 57 coupling the electrical ma-
chines 52, 53 respectively to the gearbox 58 such that a
vibration sensor is provided for each electrical machine
52, 53. Alternatively, or in addition, sensors 70 may be
provided on mechanical linkages 59 e.g. gearbox and
shafts etc and/or a sensor may be provided on mechan-
ical linkage 58 e.g. gearbox, to determine the combined
torque presented to the prime mover 51. The mechanical
linkages 58 and 59 carry the combined torque between
the electrical machines and the prime mover 51, 52, 53
whereas mechanical linkages 56 and 57 only carry torque
between the respective electrical machines 52 and 53
and the prime mover 51. The sensors 70, 72, 74, 76 are
arranged to send vibration signals to the vibration control
device 61.
�[0030] Figure 7 provides a similar graphic representa-
tion to that depicted with regard to Figure 4 previously,
but with an arrangement in accordance with aspects of
the present invention. In such circumstances, as can be
seen, a first electrical machine produces an oscillating,
and therefore vibrating, torque response depicted by line
62 whilst a second electrical machine for utilising a phase

control in accordance with aspects of the present inven-
tion creates an anti-�phase torque oscillation vibration 61,
such that the total torque, TTotal, is substantially stable
and depicted by line 63. The response of the second
electrical machine is anti-�phase rather than providing a
steady torque value as previously. Such stable torque
total, TTotal, will result in less mechanical stressing to the
mechanical linkages of the arrangement. Ideally, the total
torque oscillation should be substantially zero, as pre-
sented to the mechanical linkages, however such a sit-
uation may be difficult to achieve practically in view of
potential variations in the fault and other factors with re-
gard to electrical machines in accordance with aspects
of the present invention.
�[0031] As illustrated in Figure 6, one example of a fault
is a line to line fault between phases in an electrical ma-
chine. Alternative forms of fault are a line to earth fault
or persistent phase imbalance within the load 54. In any
event, in accordance with aspects of the present inven-
tion, by effectively pairing and matching the electrical ma-
chines in terms of their torque effect and therefore torque
oscillation upon the mechanical linkages, a balance can
be achieved to maintain a substantially stable torque as
presented by the electrical machine to the mechanical
linkages.
�[0032] By the above approach a reduced mechanical
torque stress is presented upon key mechanical trans-
mission components. Such a reduction in torque stress
is achieved by controlling electrical system responses
through the electrical machines and particularly when
those machines are generators. Such reduction in torque
stressing upon the mechanical transmission components
will increase the lifespan and reduce the necessity for
providing more robust and therefore generally weightier
and larger components in use.
�[0033] As indicated above, generally in accordance
with aspects of the present invention the prime mover
will be a gas turbine engine utilised in an aircraft. Such
arrangements generally provide two or more generators
to achieve redundancy such that the electrical power is
provided to the necessary electrical actuators and other
loads. However, the arrangement and the method in ac-
cordance to aspects of the present invention may be uti-
lised in other electrical systems where size, weight and
cost of installed equipment is desirably minimised.� Ex-
amples of such areas of applicability therefore include,
in addition to aerospace also marine, industrial and en-
ergy generation systems.
�[0034] Modifications and alterations to aspects of the
present invention will be appreciated by persons skilled
in the art. Thus for example, as indicated above, the sens-
ing of torque vibration may occur at different positions
within the arrangement. Vibration sensors may be asso-
ciated with particular parts of the mechanical linkage and
transmission systems, and particularly those which are
susceptible to premature failure when stressed. Vibration
sensing may occur at various locations in the arrange-
ment with appropriate weighting dependent upon the
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necessary strategy for substantially equalising and bal-
ancing of the fault induced torque oscillation and the anti-
phase oscillation introduced by the second electrical ma-
chine.for balancing torque profiles.

Claims

1. An electrical power arrangement (50) comprising a
plurality of electrical machines (52, 53) for loads (54,
55), each electrical machine (52, 53) is associated
through mechanical linkages (56, 57, 58, 59) with a
prime mover (51), the electrical machines (52, 53)
presenting a combined torque value to the prime
mover (51), each electrical machine (52, 53) having
a multi-�phased operation, characterised in that the
arrangement (50) including means to determine
torque vibration upon the mechanical linkage (56,
57, 58, 59) due to a fault (60) of one phase of a first
electrical machine (52) to an associated load (54)
and the arrangement (50) having a phase control
(61) for a second electrical machine (53) to vary one
or more phases of the second electrical machine (53)
to maintain a stable combined torque value through
the mechanical linkages (56, 57, 58, 59).

2. An arrangement as claimed in claim 1 wherein the
electrical machines (52, 53) have a three phase op-
eration.

3. An arrangement as claimed in claim 1 or claim 2
wherein the electrical machines (52, 53) are electri-
cal generators.

4. An arrangement as claimed in claim 3 wherein each
electrical machine (52, 53) provides a different volt-
age.

5. An arrangement as claimed in any preceding claim
wherein a vibration sensor (74, 76) is provided for
each electrical machine (52, 53).

6. An arrangement as claimed in any of claims 1 to 4
wherein a vibration sensor (70, 72) is arranged on
the mechanical linkages (56, 57, 58, 59) to determine
the combined torque presented to the prime mover
(51).

7. An arrangement as claimed in claim 6 wherein each
electrical machine (52, 53) has an analytical tester
to determine if there is a fault in one of the phases
of that electrical machine (52, 53).

8. An arrangement as claimed in any preceding claim
wherein the phase control (61) comprises means to
generate an anti-�phase torque oscillation to cancel
the torque vibration upon the mechanical linkage due
to the fault of one phase of the first electrical machine

(52).

9. An arrangement as claimed in claim 8 wherein the
phase control (61) comprises a capacitive load (C1,
C2) and/or an inductive load (L) arranged across the
phases of the second electrical machine (53).

10. A gas turbine engine incorporating an electrical pow-
er arrangement as claimed in any of claims 1 to 9.

11. A method of operating an electrical power arrange-
ment (50) comprising a plurality of electrical ma-
chines (52, 53) for loads (54, 55), each electrical ma-
chine (52, 53) is associated through mechanical link-
ages (56, 57, 58, 59) with a prime mover (51) in order
to present a combined torque value to the prime mov-
er (51), each electrical machine (52, 53) having a
multi- �phased operation, the method comprising de-
termining torque vibration in the mechanical linkage
(56, 57, 58, 59) due to a fault (60) of one phase of a
first electrical machine (52) to an associated load
(54) and varying one or more phases of the second
electrical machine (53) to maintain a stable com-
bined torque value through the mechanical linkages
(56, 57, 58, 59).

12. A method as claimed in claim 11 wherein the elec-
trical machines (52, 53) have a three phase opera-
tion.

13. A method as claimed in claim 11 or claim 12 wherein
the electrical machines (52, 53) are electrical gen-
erators.

14. A method as claimed in any of claims 11 to 13 com-
prising sensing vibrations for each electrical ma-
chine (52, 53).

15. A method as claimed in any of claims 11 to 13 com-
prising sensing vibrations of the mechanical linkages
(56, 57, 58, 59) to determine the combined torque
presented to the prime mover (51).

16. A method as claimed in any of claims 11 to 15 com-
prising generating an anti-�phase torque oscillation
to cancel the torque vibration upon the mechanical
linkage (56, 57, 58, 59) due to the fault of one phase
of the first electrical machine (52).
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